ϩ T-cell-dependent responses are associated with the maintenance of neuropathic pain. However, little is known about the precise mechanism(s) underlying the activation of CD4 ϩ T-cells. We herein show that inhibition of cathepsin S (CatS) activity, either through genetic deletion or via a pharmacological inhibitor, Z-Phe-Leu-COCHO (Z-FL), significantly attenuated the maintenance of tactile allodynia, splenic hypertrophy, increased number of splenic CD4
Introduction
Neuropathic pain is a chronic pain condition associated with lesions or dysfunction of the nervous system. This pain may become refractory to conservative medical management, leading patients to suffer from a reduction in their quality of life. It is now widely believed that neuropathic pain is induced by spinal microglia-mediated responses (Watkins et al., 2001; Tsuda et al., 2003; Scholz and Woolf, 2007) . Although the mechanism(s) underlying the maintenance of neuropathic pain are rather poorly understood, there is accumulating evidence that CD4 ϩ T-celldependent responses are associated with the maintenance of neuropathic pain. First, T-cells cross the blood-spinal cord barrier to infiltrate in the dorsal spinal cord after peripheral nerve injury (Cao and DeLeo, 2008; Costigan et al., 2009) . Second, animals lacking functional T-cells demonstrate reduced neuropathic tactile allodynia (Moalem et al., 2004; Cao and DeLeo, 2008; Costigan et al., 2009) . Third, the reduced neuropathic tactile allodynia in these animals can be reversed by the adoptive transfer of splenic CD4
ϩ T-cells prepared from neuropathic animals (Moalem et al., 2004; Cao and DeLeo, 2008) . Finally, mice lacking interferon-␥ (IFN-␥) receptors showed significant attenuation of the peripheral nerve injury-induced activation of spinal microglia (Tsuda et al., 2009 ) and tactile allodynia (Costigan et al., 2009; Tsuda et al., 2009) . Together, these studies showed that the interaction between infiltrated CD4 ϩ T-cells and microglia in the dorsal spinal cord plays an essential role in the maintenance of neuropathic pain. Therefore, it is important to determine how CD4 ϩ T-cells become activated following peripheral nerve injury, because the CD4 ϩ T-cells in the spleen and lymph node must be activated to cross the blood-spinal cord barrier.
CD4 ϩ T-cell-dependent responses are initiated by the recognition of MHC class II-peptide complexes on antigen-presenting cells. During this process, the invariant chain (Ii) is sequentially cleaved to leupeptin-induced peptide 10 (lip10) and finally to class II-associated Ii peptide (CLIP), which remains in the peptide-binding groove (Nakagawa et al., 1999; Riese et al., 2001 ). Human leukocyte antigen DM then catalyzes the removal of CLIP from the class II molecules, enabling the binding of antigenic peptides. Then, the class II-peptide complex traffics to the cell surface, where it presents the antigen to cognate T-cells, initiating an immune response (Villadangos et al., 1997) .
Cathepsin S (CatS; EC 3.4.22.27), a lysosomal cysteine protease preferentially expressed in mononuclear-phagocytic cells (Petanceska et al., 1996) , is responsible for the final proteolytic cleavage stage of Ii from lip10 to CLIP in antigen presenting cells, including dendritic cells Nakagawa et al., 1999; Riese et al., 2001; Nakanishi, 2003) . The inhibition of CatS activity, either through pharmacological means or by genetic deletion, significantly reduces chronic diseases caused by functional CD4 ϩ T-cell-dependent responses, including collagen-induced arthritis and autoimmune myasthenia gravis.
We thus hypothesized that the peripheral enzymatic activity of CatS is necessary for the maintenance of neuropathic pain through the antigen-specific activation of CD4 ϩ T-cells. To confirm this hypothesis, we examined the effects of a genetic CatS deficiency and a specific CatS inhibitor on the CD4 ϩ T-celldependent responses and pain behaviors following peripheral nerve injury. We herein provide the first evidence that the peripheral enzymatic activity of CatS critically contributes to the transition of acute pain to a chronic pain state following peripheral nerve injury.
Materials and Methods
Animal. Eight-to 10-week-old male wild-type mice and CatS-deficient (CatS Ϫ/Ϫ ) mice on a DBA/2 background were used for the experiments. Genotyping was performed as described previously (Hao et al., 2007) . The mice were maintained on a 12 h light/dark cycle (light on at 8:00 A.M.) under conditions of 22-25°C ambient temperature with food and water ad libitum. All mice were handled daily for 5 d before the start of the experiment to minimize their stress reactions to manipulation. All animals were treated in accordance with the guidelines stipulated by the animal care and use committee of Kyushu University.
Construction of the pain models. For the neuropathic pain model, mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.). The L4 spinal nerves were carefully separated from adjacent nerves, and then transected as reported previously (Hayashi et al., 2011) . In some experiments, a 0.5 cm incision was made on the left lateral abdomen and then a splenectomy was performed. The L4 nerve was transected 24 h after the splenectomy. For the inflammatory pain model, 8-to 10-week-old male wild-type mice and CatS Ϫ/Ϫ mice were injected with Complete Freund's adjuvant (CFA; heat-killed Mycobacterium butyricum were well suspended in mineral oil, 10 mg/ml, 20 l) into one of the footpads or saline (mineral oil, 20 l) into the other footpads under enflurane/O 2 as reported previously The paw diameter was measured using a micrometer caliper (ThermoFisher Scientific).
Drug administration. Z-Phe-Leu-COCHO (Z-FL; Calbiochem), a specific inhibitor of CatS (Walker et al., 2000) , was intraperitoneally (i.p.) administered 1 h before behavioral the analyses. Drug administration was started before or 5 d after peripheral nerve injury. Z-FL was administered at 1, 10, or 20 g/10 g (i.p.), with n ϭ 6 for each group.
Behavioral analysis. All mice were habituated to the testing environment for 3 d. All mice were tested for mechanical hypersensitivity of the hindpaw 1 d before and 2 weeks after surgery (Hayashi et al., 2011; . Neuropathic tactile allodynia was analyzed 1 h after Z-FL treatment. On day 14 after peripheral nerve injury, splenocytes were isolated from wild-type and CatS Ϫ/Ϫ mice, then injected into splenectomized mice 5 d after peripheral nerve injury. Calibrated von Frey filaments (0.02-2.0 g; North Coast Medical) were applied to the planter surface of the hindpaw. The 50% paw withdrawal thresholds were calculated using the up-down method (Chaplan et al., 1994) .
Motor activities. The motor activities of wild-type and CatS Ϫ/Ϫ mice were measured using cylinder and rotarod tests. The cylinder and rotarod tests were conducted according to the methods previously described (Hayashi et al., 2008) .
Cell isolation. Splenocytes, CD4
ϩ cells and CD11b ϩ cells were isolated from the mouse spleens. Wild-type mice anesthetized and perfused transcardially with PBS on day 14 postinjury. Ten mice in each group were anesthetized and perfused transcardially with PBS, and then the spleen samples were cut into small pieces. After enzymatic digestion using the Neural Tissue Dissociation Kit (Papain), the cell suspensions were further mechanically dissociated using a gentle MACS Dissociator (Milteny Biotec), and single splenocyte suspensions were obtained after the samples were applied to a 30 m cell strainer. After removed the red blood cells by Red Blood Cell Lysis Solution (Miltenyi Biotec), the CD11b ϩ cells were magnetically labeled with CD11b MicroBeads, and CD4 ϩ cells were labeled with a PE-conjugated anti-CD4 (Miltenyi Biotec) antibody and anti-PE MicroBeads. The cell suspension was loaded onto a MACS column placed in the magnetic field of a MACS separator and the CD11b ϩ cells or CD4 ϩ cells were eluted after removing the magnetic field according to the methods previously described methods (Wu et al., 2013) . Each of the splenectomized mice and CatS Ϫ/Ϫ mice group respectively received an intraperitoneal injection of 2 ϫ 10 7 splenocyte, CD4 Immunohistochemistry. Mouse tissues were examined by an immunohistochemical analysis as described previously (Hayashi et al., 2011; . All mice were deeply anesthetized with somnopentyl (50 mg/kg, i.p.) and perfused transcardially with 0.1 M phosphate buffer (PB), pH 7.4, followed by 4% paraformaldehyde in 0.1 M PB, 14 d after surgery (n ϭ 3 animals at each time point). The perfused spleen segments were dissected and further fixed by immersion in 4% paraformaldehyde overnight at 4°C. Transverse spleen sections (14 m thick) were prepared using by a cryostat (VT1000S; Leica). The sections were hydrated and treated with 0.3% H 2 O 2 in methanol, and then were treated with 3% normal donkey serum for 2 h at 24°C. The sections were incubated with the rat anti-CD4 (1:500; BD PharMingen) or rabbit anti-IFN-␥ (1: 1000; Life Technologies) antibodies in a humidified chamber overnight at 4°C. After being washed with cold PBS, the sections were incubated with biotinylated-anti-rat secondary antibodies (1:200; Jackson ImmunoResearch) or biotinylated anti-rabbit secondary antibodies (1:200; Jackson ImmunoResearch) for 2 h at 24°C, and finally with peroxidase-conjugated streptavidin (1:300; Dako) for 1 h at 24°C. The peroxidase was developed using 3,30-diaminobenzidine (DAB substrate kit; Vector Laboratories), and then the samples were counterstained with Mayer's hematoxylin. The number of the positive cells in the footpads was counted under a 20ϫ objective (3 sections/mouse, n ϭ 3).
Double-immunofluorescent staining. The samples of the L4 -L5 spinal cords or spleens from wild-type and CatS Ϫ/Ϫ mice were obtained 7 or 14 d after the peripheral nerve injured or sham-operated mice. The samples were cryoprotected at 4°C for 2 d in 30% sucrose in PBS, and then were embedded in an optimal cutting temperature compound (Sakura Finetechnical). Serial coronal frozen sections (14 m) of the samples for double-immunofluorescent staining were prepared as reported previously . In the samples of spinal cords, the sections were then incubated with antibodies: rat anti-CD3 (1:500; BD PharMingen) with rabbit anti-IFN-␥ (1: 1000; Life Technologies), goat anti-phosphosignal transducer and activator of transcription 1 (pSTAT1, Tyr 701, 1: 200; Santa Cruz Biotechnology) with rabbit anti-Iba1 (1:10,000; Wako), rabbit anti-GFAP (1: 5000; Sigma-Aldrich), or mouse anti-NeuN (1: 5000; Millipore), rabbit anti-Iba1 (1:10,000) with goat anti-CatS (M-19, 1:500; Santa Cruz Biotechnology) or goat anti-cystatin C (CysC; 1: 500; R&D Systems), rabbit anti-GFAP (1: 5000) and goat anti-CatS (1:500) or goat anti-CysC (1: 500), mouse anti-NeuN (1:5000) with goat anti-CatS (1:500) or goat anti-CysC (1: 500) antibodies for 2 d at 4°C. The sections were washed with PBS and incubated with a mixture of secondary antibodies conjugated with donkey anti-rabbit AlexaFluor 488 (1:400; Jackson ImmunoResearch) and donkey anti-rat Cy3 (1:400; Jackson ImmunoResearch), donkey anti-goat AlexaFluor 488 (1:400; Jackson ImmunoResearch) and donkey anti-rabbit Cy3 (1:400; Jackson ImmunoResearch) or donkey anti-mouse Cy3 (1:500; Jackson ImmunoResearch), donkey anti-goat AlexaFluor 488 (1:400), and donkey anti-rabbit Cy3 (1:400) or donkey anti-mouse Cy3 (1:500) for 3 h at 24°C. In the samples of spleen, the sections were then incubated with antibodies: rat anti-CD4 (1:500) with rabbit anti-IFN-␥ (1: 1000), rabbit anti-CD11c (1:500; Bioss) with goat anti-CatS (1:500) for 2 d at 4°C. The sections were washed with PBS and incubated with a mixture of secondary antibodies conjugated with donkey anti-rabbit AlexaFluor 488 (1:400), donkey anti-rat Cy3 (1: 400), donkey anti-rabbit Cy3 (1:400), and donkey anti-goat AlexaFluor 488 (1:400) for 3 h at 24°C. The sections were washed with PBS and mounted in the anti-fading medium Vectashield (Vector Laboratories), and examined with a confocal laser-scanning microscope (CLSM; 2si Confocal Laser Microscope, Nikon) using a 20ϫ objective (numerical aperture ϭ 0.75) or 60ϫ oil-immersion objective (numerical aperture ϭ 1.40). The Iba1-positive cells in the spinal dorsal horn and the CD4-, IFN-␥-, CD11c-, and CatS-positive cells in the spleen were counted and normalized by 0.15 mm 2 . Immunoblot analyses. Mice were transcardially perfused with PBS, then the spleen and L4 spinal cord tissues were removed 1, 3, 7, or 14 d after peripheral nerve injury. The specimens were quickly frozen and stored at Ϫ80°C until they were used. The immunoblot analyses were conducted as described previously (Hayashi et al., 2011; . In brief, each specimen was electrophoresed using 15% or 12% SDS-polyacrylamide gels. The proteins on SDS gels were transferred electrophoretically to nitrocellulose membranes. The membranes were washed with PBS and incubated at 4°C overnight under gentle agitation with each primary antibody: rat anti-CD74 (1: 500; BD PharMingen), rabbit anti-IFN-␥ (1: 1000; Life Technologies), goat anti-CatS (M-19, 1: 1000; Santa Cruz Biotechnology), goat anti-Cyst C (1: 1000; R&D Systems), goat anti-cleaved IL-1␤ (m118, 1:500; Santa Cruz Biotechnology), rabbit anti-phospho-p38 MAPK (1:1000; Cell Signaling Technology), rabbit anti-p38 MAPK (1: 1000; Cell Signaling Technology), or mouse anti-actin (1:5000; Abcam). After being washed, the membranes were incubated with horseradish peroxidase (HRP)-labeled anti-rat (1:2000; GE Healthcare), anti-goat (1:2000 R&D Systems), anti-rabbit (1:2000; GE Healthcare), or antimouse (1:2000; GE Healthcare) antibodies for 2 h at room temperature. Subsequently, the membrane-bound, HRP-labeled antibodies were detected using an enhanced chemiluminescence detection system (ECK lit; GE Healthcare) with an image analyzer (LAS-1000; Fuji Photo Film).
Flow cytometric analysis of CD4 ϩ T-cell subsets. CD4
ϩ T-cells were isolated from splenocytes of DBA/2 and C57BL/6 mice at 14 d after subjected to peripheral nerve injury. Isolated cells were washed twice with FACS HANKS buffer and preincubated with an Fcg receptor blocking mAb (CD16/32; 2.4G2, clone:93) for 10 min at 4°C. After CD4 staining (anti-CD4-FITC, clone: GK1.5; isotype: Rat IgG2b) for 20 min and the cells were then incubated with fixed Fixation Buffer and Permeabilization Wash Buffer (BioLegend) for 20 min at 24°C. Fixed/permeabilized cells were then washed twice with wash buffer and then incubated with anti-IFN-g-APC (clone: XMG1.2; isotype: Rat IgG1), anti-IL-17-PE (clone: TC11-18H10.1; isotype: Rat IgG1), and anti-Foxp3-PE (clone: MF-14; isotype: Rat IgG2b) for 20 min at 4°C. The stained cells were washed twice with FACS Hanks buffer, and were analyzed by using FACSVerse flow cytometer (BD Bioscience) using FACSuite software (BD Bioscience). All of the antibodies were purchased from BioLegend.
Data analysis. The data are presented as the means Ϯ SEM. The statistical analyses of the results were performed with Student's unpaired t tests, one-way ANOVAs with post hoc Tukey's tests, or two-way repeated-measures ANOVAs using the GraphPad Prism software package. A value of p Ͻ 0.05 was considered to indicate statistical significance.
Results

Inhibition of neuropathic pain by the pharmacological blockade or genetic deletion of CatS
The involvement of CatS in the development of neuropathic tactile allodynia was examined by inhibiting CatS activity, either through a genetic deletion or by pharmacological means. A significant decrease in the paw withdrawal threshold (PWT) was observed from 1 d after peripheral nerve injury in the vehicle group, indicating the development of neuropathic tactile allo- Figure 1 . The inhibitory effects of the genetic deletion and pharmacological inhibition of CatS on the development of neuropathic tactile allodynia. A, The time course of changes in the PWT after peripheral nerve injury (PNI) in the wild-type (ϩ/ϩ) and CatS Ϫ/Ϫ mice. Each symbol and vertical bar represents the mean Ϯ SEM of six independent experiments. Asterisks indicate a statistically significant difference from wild-type mice (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001). B, The inhibitory effects of intraperitoneal administration of Z-FL (10 g/10 g), a specific inhibitor of CatS, on the development of neuropathic tactile allodynia. Daily peritoneal administration of Z-FL was started on day 0 (blue circles) or day 5 (red circles) after PNI. Each symbol and vertical bar represents the mean Ϯ SEM of five to six independent experiments. Asterisks indicate a statistically significant difference from the saline-treated wild-type mice (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001). C, The inhibitory effects of splenectomy on the development of neuropathic tactile allodynia. Each symbol and vertical bar represents the mean Ϯ SEM of six independent experiments. Asterisks indicate a statistically significant difference from wild-type mice (**p Ͻ 0.01, ***p Ͻ 0.001).
dynia. In CatS
Ϫ/Ϫ mice, the mean PWT was also decreased for up to 2 d after peripheral nerve injury to the same extent as in wild-type mice (Fig. 1A) . However, no further significant decrease in the mean PWT was observed in CatS Ϫ/Ϫ mice 3 d after peripheral nerve injury. On the other hand, daily administration of Z-FL (10 g/10 g, i.p.), a specific inhibitor of CatS, from 5 to 14 d after peripheral nerve injury significantly reversed the established tactile allodynia (Fig.  1B) . It was also noted that the daily administration of Z-FL over 14 d from the day of peripheral nerve injury inhibited the decrease in PTW from 6 d after peripheral nerve injury.
These observations suggest that the peripheral enzymatic activity of CatS plays an essential role in the maintenance of neuropathic pain following peripheral nerve injury. It has been considered that CatS is involved in the peripheral nerve injury-induced activation of T-cells through antigen presentation, because CatS is required for the final cleavage step of Ii in antigen presenting cells. Both the spleen and the lymph nodes are the secondary lymphoid organs, which initiate adaptive immune responses. In our preliminary experiments, we found that the numbers of CD4 ϩ T-cells isolated from the spleen and lumber lymph node, the lymphatic drainage of the lumbar nerves (Cao and Deleo, 2008; van Zwam et al., 2009) , after peripheral nerve injury were 2 ϫ 10 7 and 1 ϫ 10 5 , respectively. Therefore, we focused on the spleen as the secondary lymphoid organs in the present study, because the peripheral nerve injury increased the number of CD4 ϩ T-cells in the spleen ϳ200-fold in comparison with that in the lumber lymph nodes. To determine the contribution of the spleen to the development of neuropathic tactile allodynia, we compared the PWT of splenectomized and sham-operated mice following peripheral nerve injury. The peripheral nerve injury-induced decrease in the PWT was significantly attenuated in splenectomized mice (Fig. 1C) .
Possible peripheral roles of CatS in neuropathic pain
Peripheral nerve injury induces increased number of splenocytes, which is associated with immunological reactions. Therefore, we next examined the possible involvement of CatS in the increased number of splenocytes and activation of T-cells following peripheral nerve injury. CatS deficiency or the pharmacological inhibition of CatS significantly suppressed increase in splenocytes 14 d after peripheral nerve injury (Figs. 2 A, B) . The immunoreactivities for CD4 and IFN-␥ were significantly increased in the splenic white pulp after peripheral nerve injury, indicating the activation of Th1 cells in the spleen after peripheral nerve injury (Figs. 2C-E) . The immunoreactivity for IFN-␥ corresponded well with that for CD4 (Fig. 2D) . The mean percentage of splenic CD4 ϩ T-cells expressing IFN-␥ was 49.7 Ϯ 2.9% (n ϭ 3) of mice subjected to peripheral nerve injury. On the other hand, there was no CD4 ϩ T-cell expressing IFN-␥ in the spleen of sham-operated mice. The peripheral nerve injury-induced increase in the immunoreactivities for CD4 and IFN-␥ in the splenic white pulp was significantly reduced in CatS Ϫ/Ϫ mice compared with wild-type mice (Figs. 2E) . The peripheral nerve injury-induced increase in the mean protein level of IFN-␥ in the spleen was also significantly reduced in CatS Ϫ/Ϫ mice (Fig. 2 F, G) . The mean percentage of CatS-positive CD11c ϩ dendritic cells in the spleen of mice subjected to peripheral nerve injury was 83.5 Ϯ 4.6% (n ϭ 3; Fig.  2H ). On the other hand, CatS-positive CD11b ϩ macrophages in the spleen of mice subjected to peripheral nerve injury was 19.7 Ϯ 1.8% (n ϭ 3).
It was also noted that splenic hypertrophy was not observed in C57BL/6 mice following peripheral nerve injury. In C57BL/6 mice, the mean spleen weight/body weight was not significantly different between sham mice (0.55 Ϯ 0.14%, n ϭ 3) and mice subjected to peripheral nerve injury (0.34 Ϯ 0.04%, n ϭ 3). To further clarify strain difference of peripheral immune responses between DBA/2 and C57BL/6 mice, possible change of CD4 ϩ T-cell subsets in the spleen of these two inbred mouse strains following peripheral nerve injury was examined using flow cytometric analysis. The mean proportion of IFN-g ϩ CD4 ϩ T-cells (Th1 cells) within the total CD4 ϩ T-cells was increased by 6.8 times in the spleens of DBA/2 mice following peripheral nerve injury (Fig. 2I ) . This result is consistent with the immunohistochemical observation. In contrast, their mean proportion was not changed in C57BL/6 mice following peripheral nerve injury. On the other hand, the mean proportion of either IL-
cells (Treg cells) within the total CD4
ϩ T-cells was not significantly changed following peripheral nerve injury in the spleen of these two inbred mouse strains (Fig. 2I ) . Therefore, peripheral nerve injury induces the CatSdependent antigen-specific the activation of the splenic Th1 cells in DBA/2, but not in C57BL/6, mice. Furthermore, the mean number of CD3 ϩ T-cells was significantly increased in the ipsilateral dorsal spinal cord of DBA/2 mice following peripheral nerve injury. In contrast, the infiltration of CD4 ϩ T-cells was not detected in the dorsal spinal cord of C57BL/6 mice following peripheral nerve injury (data not shown). These observations strongly suggest the strain difference of peripheral immune responses following peripheral nerve injury.
Accumulation of lip10 in the spleens of neuropathic CatS
؊/؊ mice The inhibition of CatS halts the processing of Ii at a stage referred to as lip10, a fragment corresponding to the ϳ100 amino-acids residues of Ii. To further clarify the involvement of CatS in the activation of the CD4 ϩ T-cells, the mean protein level of lip10 in the spleen was compared between wild-type and CatS Ϫ/Ϫ mice following peripheral nerve injury. Only slight accumulation of lip10 was observed in either sham or nerve-injured wild-type mice (Figs. 3 A, B) . In CatS Ϫ/Ϫ mice, however, there was a marked accumulation of lip10 in the spleen and the mean level was further significantly increased after peripheral nerve injury (Figs.  3 A, B) . The mean protein level of mature CatS was significantly increased (Figs. 3C,D) , whereas that of CysC was significantly decreased following peripheral nerve injury (Figs. 3C,E) . In CatS Ϫ/Ϫ mice, the mean protein level of CysC was significantly lower than that of wild-type mice, and the mean level was not significantly changed following peripheral nerve injury (Figs. 3C,E).
Enhancement of tactile allodynia by the adoptive transfer of splenic CD4 ؉ T-cells To further analyze the involvement of CatS in functional CD4
ϩ T-cell-dependent responses involved in the maintenance of neuropathic tactile allodynia, splenocyte cell subpopulations prepared from neuropathic animals were systemically injected into mice subjected to peripheral nerve injury. When intraperitoneal injection of splenocytes prepared from neuropathic wild-type mice were conducted 5 d after peripheral nerve injury, their mean levels of neuropathic tactile allodynia in the mice were significantly enhanced for 2-3 d in splenectomized wild-type mice (Fig.  4A) or CatS Ϫ/Ϫ mice (Figs. 4B) . A similar enhancement of the mean levels of neuropathic tactile allodynia was also observed after a single injection of splenic CD4 ϩ T-cells prepared from neuropathic wild-type mice into splenectomized wild-type mice (Fig. 4C) or CatS Ϫ/Ϫ mice (Fig. 4D) . In contrast, when monocytes/macrophages prepared from the splenocytes of neuropathic wild-type mice were injected into splenectomized wild-type mice or CatS Ϫ/Ϫ mice, no significant change was observed in the mean level of neuropathic tactile allodynia (Figs. 4 E, F ) . When splenic CD4 ϩ T-cells prepared from neuropathic wild-type mice were injected to sham wild-type mice, no significant change of PWT was observed (Fig. 4G) . Furthermore, injection of splenic CD4 ϩ T-cells prepared from neuropathic wild-type mice failed to enhance tactile allodynia observed in the CFA-induced inflammatory pain mice (Fig. 4H ) . These results suggest that CatS is involved in the CD4 ϩ T-cell-dependent responses, which play essential roles in the maintenance of neuropathic pain.
Interaction of activated CD4
؉ T-cells and microglia in the dorsal spinal cord To determine the effects of CatS in the infiltration of T-cells in the dorsal spinal cord following peripheral nerve injury, immunohistochemical staining using anti-CD3 and anti-IFN-␥ antibodies was conducted. The mean number of CD3 ϩ T-cells was significantly increased in the ipsilateral dorsal spinal cord following peripheral nerve injury. Approximately 80% of the CD3 ϩ T-cells were found to express IFN-␥ (Fig. 5A) . CatS deficiency and Z-FL treatment both significantly decreased the mean number of CD3 ϩ T-cells in the ipsilateral dorsal spinal cord of wild-type mice 14 d after peripheral nerve injury (Fig. 5B) . Furthermore, the immunoreactivity for pSTAT1, a molecule downstream of IFN-␥ receptor activation, was markedly increased in exclusively ϩ T-cells prepared from the neuropathic wild-type mice induced a significant decline of the PWT in the splenectomized wild-type mice (C) or CatS Ϫ/Ϫ mice (D) subjected to PNI. Each symbol and vertical bar represents the mean Ϯ SEM of five independent experiments. Asterisks indicate a statistically significant difference between the splenectomized wild-type mice (C) and CatS Ϫ/Ϫ mice (D) subjected to PNI (*p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001). E, F, The adoptive transfer of splenic CD11b ϩ monocytes/macrophages prepared from the neuropathic wild-type mice induced no significant changes of the PWT in the splenectomized wild-type mice (E) or CatS Ϫ/Ϫ mice (F ) subjected to PNI. Each symbol and vertical bar represents the mean Ϯ SEM of four independent experiments. G, The adoptive transfer of splenic CD4 ϩ T-cells prepared from the neuropathic wild-type mice failed to induce tactile allodynia in the sham-operated wild-type mice. Each symbol and vertical bar represents the mean Ϯ SEM of four independent experiments. H, The adoptive transfer of splenic CD4 ϩ T-cells prepared from the neuropathic wild-type mice failed to induce a significant change of the PWT in CFA-induced inflammatory mice. Each symbol and vertical bar represents the mean Ϯ SEM of four independent experiments.
Iba1-positive microglia in the wild-type mice following peripheral nerve injury (Fig. 5C ), but not in either CatS Ϫ/Ϫ or Z-FL-treated wild-type mice (data not shown). The mean ratio of Iba1-positive microglia that expressed pSTAT1 in the ipsilateral dorsal spinal cord of wild-type mice 7 d after peripheral nerve injury (65.4%, n ϭ 4) was significantly larger than that 3 d after injury (3.4%, n ϭ 4; p Ͻ 0.001).
These observations suggest that the infiltrated T-cell-derived IFN-␥ is associated with the proliferation of microglia in the ipsilateral dorsal spinal cord in the maintenance phase of neuropathic pain. The effects of CatS deficiency and Z-FL on the proliferation of microglia in the dorsal spinal cord were therefore examined following peripheral nerve injury. CatS deficiency and Z-FL treatment both significantly reduced the mean number of Iba1-positive microglia in the ipsilateral dorsal spinal cord 7 and 14 d after peripheral nerve injury (Figs. 5 D, E) . Furthermore, the mean number of Iba1-positive microglia in the ipsilateral dorsal spinal cord was also significantly decreased in the splenectomized mice 14 d after peripheral nerve injury (Figs. 5 F, G) .
Possible central roles of CatS in neuropathic pain
To further elucidate a possible central role of CatS in neuropathic pain, the protein levels of CatS and CysC in the spinal cord were further examined in sham and nerve-injured mice. The mean protein level of mature CatS was significantly increased following peripheral nerve injury (Figs. 6A-C) . On the other hand, the level of CysC was not significantly changed following peripheral nerve injury (Figs. 6A-C) . Increased immunoreactivity for CatS was exclusively observed in microglia, but not either neurons or astrocytes (Figs. 6 D, E) . In contrast, immunoreactivity for CysC was observed mainly in astrocytes and partially in microglia, but not in neurons (Fig. 6E) . Furthermore, the mean levels of p-p38 MAPK and mature IL-1␤ significantly increased in wild-type mice, but not in CatS Ϫ/Ϫ mice (Figs. 6F-H ).
Discussion
We investigated a possible peripheral role of CatS in the maintenance of neuropathic pain, because CatS plays an essential role in the activation of CD4 ϩ T-cells through the proteolytic degradation of lip10, which is required for MHCII molecules to bind to the antigenic peptide in antigen-presenting cells, including dendritic cells Riese et al., 2001) . We herein showed for the first time that inhibition of CatS activity, either through genetic deletion or via a pharmacological inhibitor, significantly attenuated the maintenance of tactile allodynia, splenic hypertrophy, the increased cell number of splenic CD4
ϩ T-cells and the accumulation of lip10 following peripheral nerve injury. There are two possible explanations for the increased cell number of splenic CD4 ϩ T-cells following peripheral nerve injury: their proliferation in the spleen and/or infiltration from other lymphoid organs. The proliferation of splenic CD4
ϩ T-cells following peripheral nerve injury is much likely explanation, because the peripheral nerve injury increased the number of CD4 ϩ T-cells in the spleen ϳ200-fold in comparison with that in the lumber lymph nodes (our preliminary observation). However, a possible infiltration of CD4 ϩ T-cells from other lymphoid organs including the lumber lymph node cannot be totally ruled out.
It was also noted that splenectomy significantly attenuated the maintenance of neuropathic tactile allodynia. Our observations showed that the level of CatS was significantly increased in the spleen following peripheral nerve injury, whereas the level of CysC was significantly decreased. This is consistent with the previous finding that the increase in Ii chain processing activity upon maturation of dendritic cells was not accompanied by an increased expression of CatS, but rather by decreased expression and altered localization of CysC (Pierre and Mellman, 1998). Although little is known about the antigens that contribute to the activation of CD4 ϩ T-cells, some fragments of myelin basic protein can initiate tactile allodynia in both T-cell-dependent and -independent manners . Interestingly, injection of the splenic CD4 ϩ T-cells prepared from neuropathic mice induced no significant change of PWT in sham wild-type mice and the CFA-induced inflammatory pain mice. All of these observations support the idea that peripheral role of CatS is necessary for the antigen-specific activation of CD4 ϩ T-cells, which contributes to the transition of acute pain to a chronic state. Moalem et al. (2004) demonstrated that the activation of Th1 cells is essential for neuropathic tactile allodynia. They clearly showed that the passive transfer of Th1 cells obtained from the spleens of neuropathic animals into neuropathic congenital athymic nude rats, which lack mature T-cells, returns their pain levels to those of their heterozygous littermates (Moalem et al., 2004) . In contrast, the transfer of Th2 cells has been shown to induce antinociceptive effects in heterozygous neuropathic rats. Our observations here also showed that the adoptive transfer of splenocytes or splenic CD4
ϩ T-cells prepared from neuropathic mice significantly reduced the mean PWT for tactile allodynia in neuropathic splenectomized mice or CatS Ϫ/Ϫ mice. A single transfer 
of CD4
ϩ T-cells induced a significant reduction of the mean PTW for 2-3 d. Therefore, it is considered that a continuous infiltration of CD4 ϩ T-cells is needed to establish a chronic state of neuropathic tactile allodynia. In this study, however, we found that there is a strain difference of peripheral immune responses following peripheral nerve injury. Our observations show that peripheral nerve injury induced splenic hypertrophy, increased population of splenic Th1 cells and their infiltration in the dorsal spinal cord in DBA/2, but not in C57BL/6, mice. Differential MHC haplotype antigens are responsible for differential immune responses of inbred mouse strains (McDevitt and Chinitz, 1969) . DBA/2 and C57BL/6 mice have differential MHC haplotype antigens, H-2 d and H-2 b , respectively. Therefore, differential peripheral immune responses of DBA/2 and C57BL/6 mice following peripheral nerve injury may stem from their differential MHC haplotype antigens.
On the other hand, the infiltration of monocytic cells into the dorsal spinal cord is also thought to accelerate neuropathic pain. first demonstrated that the infiltration of CCR2-positive monocytes has a key role in the development of neuropathic pain. Pharmacological inhibition of CCR2 and CCR5 also reduced the infiltration of monocytic cells into the dorsal spinal cord after peripheral nerve injury (Padi et al., 2012) . However, the role of infiltrated monocytes in the development of neuropathic tactile allodynia is still a matter of controversy, because the major evidence supporting the importance of infiltrated monocytes came from the experiments using bone marrow transplantation following irradiation, which weakens the integrity of the blood-spinal cord barrier. In this study, the adoptive transfer of CD11b ϩ monocytes/macrophages prepared from neuropathic wild-type mice into neuropathic splenectomized wild-type mice or CatS Ϫ/Ϫ mice induced no changes in the pain level. Further studies will be necessary to clarify whether there is infiltration of monocytes/macrophages, and their roles in the development of neuropathic pain.
There is accumulating evidence that agents that have immunosuppressive and/or immunomodulatory properties significantly ameliorate neuropathic pain. The systemic administration of glatiramer acetate, a synthetic amino acid polymer used for alleviating the symptoms of multiple sclerosis, attenuates tactile allodynia following peripheral nerve injury (Leger et al., 2011) . Furthermore, systemic treatment with a potent S1P agonist, FTY720 (Coste et al., 2008) , or a CD28 superagonist that expands the regulatory T-cell population (Austin et al., 2012) , also significantly improved established neuropathic pain (Coste et al., 2008; Austin et al., 2012) . These observations strongly suggest that functional CD4 ϩ T-cell-dependent responses play major roles in the maintenance of neuropathic pain. Tsuda et al. (2009) reported that the level of activated STAT1, a molecule downstream of IFN-␥ receptors, was increased exclusively in microglia after the intrathecal injection of IFN-␥, which can strongly activate microglia (Hanisch and Ketenmann, 2007) . Microglia are fully activated 3 d after peripheral nerve injury, whereas the level of IFN-␥ mRNA is significantly increased at 7 d, but not 3 d (induction phase), after peripheral nerve injury (Costigan et al., 2009) . Although the cellular source of IFN-␥ in the spinal cord has not yet been identified, the main possible cellular sources are infiltrated Th1 cells and partially activated microglia (Kawanokuchi et al., 2006) . Furthermore, the peripheral nerve injury-induced tactile allodynia and activation of spinal microglia were significantly attenuated in IFN-␥ receptordeficient mice (Costigan et al., 2009; Tsuda et al., 2009 ). Consistent with these reports, our observations clearly indicate that STAT1, a molecule downstream of IFN-␥ receptor activation, is significantly activated in microglia 7 d, but only partially 3 d, after peripheral nerve injury. In contrast, the peripheral nerve injuryinduced infiltration of CD4 ϩ T-cells expressing IFN-␥ and the activation of STAT1 in spinal microglia were significantly attenuated in CatS Ϫ/Ϫ or Z-FL-treated mice. Furthermore, the proliferation of spinal microglia 14 d after peripheral nerve injury was also significantly reduced in CatS Ϫ/Ϫ , Z-FL-treated, or splenectomized mice. Moreover, a previous publication indicates that the presence of CD3 ϩ T-cells is robust in the dorsal root ganglion (DRG) of feline immunodeficiency virus-infected animals (Zhu et al., 2006) . In our preliminary experiments, a moderate infiltration of CD3
ϩ T-cells in the ipsilateral side of DRG was observed 7 d after peripheral nerve injury. Therefore, it is concluded that the CD4 ϩ T-cell-derived INF-␥ appears to be responsible for the reactivation of microglia, which is necessary for the maintenance of neuropathic pain. Clark et al. (2007) demonstrated that daily intrathecal administration of morpholinurea-leucine-homophenylalanin-vinyl phenyl sulfate (30 nmol), an irreversible inhibitor of CatS, from 7 to 14 d following peripheral nerve injury significantly reduced established neuropathic allodynia. They have demonstrated that microglial CatS contributes to the maintenance of neuropathic pain. In the dorsal spinal cord, microglial CatS liberates neuronal fractalkine to stimulate p38 MAPK phospholylation in microglia. We observed that the mean level of p38 MAPK phospholylation and mature IL-1␤ was significantly reduced in the spinal cord of CatS Ϫ/Ϫ mice even 3 d after peripheral nerve injury, suggesting that microglial CatS contributes to the induction, rather than the maintenance, of neuropathic pain. In the present study, Z-FL significantly attenuated the maintenance phase, but not the induction phase, of neuropathic pain, whereas CatS deficiency significantly attenuated both phases. This may be explained by the different peripheral and central roles of CatS. Z-FL, which cannot cross the blood-spinal cord barrier, only inhibits the CatS activity of dendritic cells, whereas CatS deficiency depletes the CatS activities of both dendritic cells and microglia. In any case, the exact reasons for the discrepant findings regarding microglial CatS remain to be elucidated in future studies.
In conclusion, although agents that have immunosuppressive and/or immunomodulatory properties significantly could provide significant benefits in animal models of neuropathic pain, the clinical application of these agents is considered to be difficult because of their severe side effects. Our present observations strongly suggest that peripherally active selective CatS inhibitors could be a safer therapeutic option for the pharmacological treatment of neuropathic pain, because they can avoid the induction of off-target side effects.
